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Abstract 

Noble  metal  catalysts  in  the  form  of  nanoparticles  supported  on  high  surface  area  carbon  exhibit  characteristics  which  depend  strongly  on 
the  nature  of  the  support.  This  work  presents  results  with  noble  metal  catalysts  supported  on  carbon  nanotubes  (MWNT  and  SWNT)  and  also 
on  a  high  surface  area  carbon  powder  Vulcan  XC-72,  for  proton  exchange  membrane  fuel  cells  (PEMFC)  fed  with  hydrogen  contaminated 
with  CO  and  also  for  the  direct  methanol  fuel  cell  (DMFC).  A  high  performance  was  achieved  with  PtRu  supported  on  nanotubes  for 
FF  +  100 ppm  CO,  although  it  was  similar  to  that  presented  by  PtRu  on  Vulcan  XC-72  with  an  overpotential  of  100  mV  at  1  AcnT2.  Results 
for  the  DMFC  showed  power  densities  exceeding  100  rnW  cm~2  at  90  °C  and  0.3  MPa  and  the  activity  of  the  anodes  followed  the  sequence: 
PtRu/MWNT  >  PtRu/Vulcan  XC-72  >  PtRu/SWNT.  The  electrocatalysts  were  all  prepared  with  the  same  method,  namely  impregnation  of  the 
carbons  with  the  precursors  in  ethanol  and  reduction  under  a  hydrogen  atmosphere.  The  role  of  Ni,  Fe  and  other  contaminants  contained  in 
the  as-received  carbon  nanotubes  is  discussed. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Two  of  the  most  advanced  low-temperature  fuel  cells  are 
the  proton  exchange  membrane  fuel  cell  (PEMFC)  and  the 
direct  methanol  fuel  cell  (DMFC).  Both  are  low-temperature 
fuel  cells  that  working  with  plain  Nafion®  membranes  op¬ 
erate  at  temperatures  that  rarely  exceed  80  and  130  °C,  re¬ 
spectively.  At  these  temperatures,  it  is  essential  the  use  of 
CO-tolerant  electrocatalysts  [1,2]  to  deal  with  the  CO  con¬ 
tained  in  the  hydrogen  obtained  by  steam  reforming  of  other 
fossil  or  renewable  fuels  or  formed  as  intermediate  in  the 
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complex  oxidation  process  of  methanol.  Pt-based  electro¬ 
catalysts  display  the  necessary  stability  in  the  acidic  envi¬ 
ronments  of  the  PEMFC  and  DMFC  and,  although  much 
progress  is  still  needed,  they  show  significant  activity.  How¬ 
ever,  CO  can  adsorb  very  strongly  on  the  Pt  surface  in  the  fuel 
cell  anode  [3],  blocking  the  active  sites  and  causing  a  large 
decrease  in  the  electrode  performance.  In  order  to  reduce  this 
poisoning  problem,  the  utilisation  of  a  second  metal  able  to 
form  oxygenated  species  at  lower  potentials  than  pure  Pt  has 
been  proposed  and  described  [4,5].  Following  a  bifunctional 
mechanism,  the  metal— OH  species  act  as  a  source  of  atomic 
oxygen,  required  for  the  oxidation  of  CO  to  CO2,  liberating 
active  sites  on  the  surface  of  the  catalyst  material  near  a  plat¬ 
inum  atom,  where  the  adsorption  and  oxidation  of  the  gaseous 
hydrogen  takes  place  [6] .  Also,  spectroscopic  studies  on  poly¬ 
crystalline  Pt  have  shown  that  methanol  is  electrosorbed  in 
a  complex  process  analogous  to  a  dehydrogenation.  Sequen- 
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tial  stripping  of  protons  and  electrons  is  believed  to  take  place 
leading  to  the  formation  of  carbon-containing  intermediates, 
such  as  linearly  bonded  — COads  and  — C  H Oa(is  [7,8]. 

Among  the  several  possibilities  of  using  binary  alloys,  the 
PtRu  alloy  has  shown  the  most  promising  performance  for 
the  hydrogen  oxidation  reaction  in  the  presence  of  CO  [9,10] 
and  also  for  the  oxidation  of  methanol  [11].  While  a  typical 
DMFC  is  less  efficient  than  a  PEMFC,  work  to  improve  its 
performance  with  new  electrocatalyst  materials  has  proved 
successful.  In  almost  all  cases,  carbon  blacks  have  been  used 
as  support  of  the  metal  nanoparticles,  particularly  Vulcan  XC- 
72  (Cabot)  which  has  a  surface  area  of  240  m2  g- 1 .  However, 
in  recent  years  there  has  been  a  progress  in  the  understanding 
of  electronic  effects  in  the  metal  catalyst,  in  which  not  only 
alloying  but  also  the  catalyst-support  interaction  play  a  fun¬ 
damental  role.  Because  of  this,  it  is  of  interest  to  explore  the 
behaviour  of  Pt-based  catalysts  prepared  on  supports  differ¬ 
ent  from  those  most  frequently  used. 

Carbon  nanotubes  are  prominent  materials  that  exhibit 
special  properties  which  make  them  suitable  for  application 
in  several  technological  areas  [12].  In  the  fuel  cell  area,  they 
could  be  of  interest  as  catalyst  supports  [13]  and  also  as  hy¬ 
drogen  storage  materials  [  14] .  This  work  presents  results  with 
electrodes  prepared  with  Pt  and  PtRu  as  electrocatalysts  sup¬ 
ported  on  nanotubes  and,  for  comparison,  on  the  most  usual 
support,  Vulcan  XC-72.  The  catalysts  were  prepared  by  a 
modification  of  a  method  described  in  the  literature  [15],  and 
tested  in  electrochemical  half-cells  and  single-fuel  cells. 

2.  Experimental 

Single-wall  carbon  nanotubes  (SWNT)  were  prepared  by 
the  arc-discharge  method  in  the  laboratories  of  the  University 
of  Sao  Paulo  at  Ribeirao  Preto  [16].  The  catalyst  mixture  was 
prepared  using  as  metallic  elements  Fe:Ni:Co  in  the  atomic 
ratio  1:1:1.  A  partial  atmosphere  of  high-purity  helium  at 
0.053  MPa  was  used  and  also  a  high  current  of  120  A.  The 
material  collected  was  mainly  the  soot  from  the  collar  be¬ 
cause  it  was  found  to  be  richer  in  SWNTs  than  that  from  the 
cathode  deposit  or  the  interior  wall  [17].  The  multi-wall  car¬ 
bon  nanotubes  (MWNT)  were  commercially  available  (SUN 
Nanotech  Co.  Ltd.).  Vulcan  XC-72  (E-TEK)  was  pre-treated 
in  an  argon  atmosphere  at  850  °C  for  5  h  [18]  before  use. 

The  Pt  and  PtRu  carbon-supported  catalysts  (20wt.% 
metal/C)  were  prepared  from  H2PtCl6  (Johnson  Matthey) 
and  RUCI3  (Aldrich)  by  the  following  procedure:  the  car¬ 
bon  support  was  impregnated  with  an  ethanol  solution  of 
the  precursors  under  sonication  for  3  h  and  then  the  ethanol 
was  evaporated  at  80  °C.  The  dry  impregnated  carbon  sup¬ 
port  was  placed  in  alumina  boats,  submitted  to  an  additional 
drying  step  under  an  argon  atmosphere  at  100  °C  for  1  h  and 
then  the  decomposition/reduction  of  the  metal  precursors  was 
carried  out  at  550  °C  under  a  pure  hydrogen  flow  for  3  h. 

The  composition  of  the  prepared  catalysts  was  determined 
by  energy-dispersive  X-ray  analysis  (EDX)  in  a  scanning 


electron  microscope  LEO,  440  SEM-EDX  system  (Leica- 
Zeiss,  DSM-960)  provided  with  a  microanalyser  (Link  An¬ 
alytical  QX  2000)  and  a  detector  of  SiLi  using  a  20-keV 
electron  beam. 

The  catalysts  were  also  examined  by  X-ray  diffraction 
techniques  (XRD)  using  a  URD-6  Carl  Zeiss-Jena  diffrac¬ 
tometer.  The  X-ray  diffractograms  were  obtained  with  a  scan 
rate  of  3°  min- 1  and  an  incident  wavelength  of  1 .5406  A  (Cu 
Ka).  The  XRD  data  were  used  to  estimate  the  Pt  lattice  pa¬ 
rameter  and,  using  Scherrer’s  equation  [19],  the  average  crys¬ 
tallite  size. 

Two-layer  (diffusion  layer  and  catalyst  layer)  gas  diffu¬ 
sion  anodes  were  prepared  with  the  supported  materials  using 
the  methodology  employed  previously  in  these  laboratories 
[1,2,20,21].  In  all  cases,  the  gas  diffusion  cathodes  were 
prepared  with  Pt/C  commercial  catalyst  (20wt.%  Pt/Vulcan 
XC-72,  E-TEK).  Other  materials  used  were  Nafion®  solution 
(DuPont,  ~5.5wt.%),  polytetrafluorethylene  suspension 
(Teflon®  TE  306  A,  DuPont),  carbon  powder  (Vulcan 
XC-72,  E-TEK),  and  carbon  cloth  (PWB-3,  Stackpole®). 
The  carbon  cloth  was  previously  covered  on  both  sides  with 
a  mixture  of  PTFE  suspension  and  Vulcan  XC-72  carbon 
and  sintered  at  330  °C  to  form  a  diffusion  layer.  Then  the 
catalytic  layer  composed  of  the  Pt/C  or  PtRu/C  catalysts  and 
Nafion®  solution  was  applied  on  one  side.  The  electrode 
was  then  heated  for  1  h  at  80  °C  [20], 

The  membrane  and  electrode  assemblies  (MEAs)  were 
prepared  by  hot-pressing  two  electrodes  on  both  sides  of 
a  pre-treated  Nafion®  115  membrane  (H+,  DuPont)  [20]  at 
125  °C  and  5  MPa  for  2  min.  The  electrodes  had  a  geometric 
area  of  4.6  cm2  and  the  noble  metal  content  was  0.4  mg  cm-2 . 
The  MEA  was  placed  between  high-density  carbon  plates  in 
which  serpentine -type  channels  were  machined  for  the  cir¬ 
culation  of  O2,  H2,  Ht  +  100  ppm  CO  or  CH3OH  solutions. 

Solutions  were  prepared  with  pure  water  ( 1 8.2  MQ  cm, 
Millipore  Milli  Q®)  and  methanol  (J.  T.  Backer,  p.a.).  The 
gases  were:  argon  (99.998%),  nitrogen  (99.996%),  carbon 
monoxide  (99.5%)  and  hydrogen  or  oxygen  (pre-purified), 
all  from  White  Martins. 

The  half-cell  data  were  obtained  using  a  Solartron  1285 
potentiostat  and  the  software  Corrware,  and  those  with  a 
single-fuel  cell  were  obtained  using  an  Electronic  Load  HP 
6050A. 

The  H2/O2  PEMFC  polarisation  experiments  were  carried 
out  galvanostatically  with  the  cell  at  85  °C,  using  O2  saturated 
with  water  at  90  °C  and  0. 17  MPa  in  the  cathode,  and  either 
pure  hydrogen  or  a  mixture  of  H2/IOO  ppm  CO  saturated  with 
water  at  100  °C  and  0.2  MPa  in  the  anode.  Before  the  data 
acquisition,  the  system  was  maintained  at  a  cell  potential  of 
0.7  V  with  pure  H2  for  2  h  and  at  0.8  V  with  H2/100ppm  CO 
for  a  further  2  h. 

The  DMFC  polarisation  experiments  were  also  carried  out 
galvanostatically  with  the  cell  at  70  °C  using  pure  O2  satu¬ 
rated  with  water  at  70  °C  and  atmospheric  pressure  or  with 
the  cell  at  90  °C  and  O2  saturated  with  water  at  90  °C  and 
0.3  MPa.  In  all  experiments,  the  flows  of  O2  gas  and  of  the 
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2  mol  L~ 1  methanol  solution  were  80  and  2  ml  min- 1 ,  respec¬ 
tively.  Before  data  acquisition,  the  system  was  maintained 
under  a  current  density  of  0.2  A  cm-2  for  at  least  6  h  at  90  °C 
and  O2  pressurised  at  0.3  MPa. 

The  CO  stripping  experiments  were  carried  out  as  follows: 
after  the  electrosorption  of  CO  under  potentiostatic  control 
at  50  mV  (versus  RHE)  for  a  period  of  30  min  the  cell  was 
flushed  with  N2  for  a  further  30  min  to  remove  any  unreacted 
CO  and  finally  the  anode  potential  was  scanned  at  10  mV  s- 1 
up  to  0.9  V  (versus  RHE). 

The  methanol  stripping  experiments  were  carried  out  in  a 
similar  way:  methanol  was  adsorbed  from  a  2  mol  L-1  solu¬ 
tion  at  75  mV  (versus  RHE)  under  potentiostatic  control  for 
a  period  of  40  min.  The  cell  was  then  flushed  with  water  for  a 
further  20min  and  the  stripping  scan  recorded  at  lOmV  s-1 
up  to  0.9  V  (versus  RHE).  In  these  stripping  experiments,  the 
electrolyte  was  only  the  wet  Nafion®  polymer. 


3.  Results  and  discussion 

Table  1  presents  the  results  from  the  EDX  analyses,  which 
show  small  discrepancies  when  compared  with  the  nominal 
compositions  expected  from  the  relative  amounts  of  precur¬ 
sors  used  in  the  preparation  of  the  noble  metal  catalysts.  On 
the  other  hand,  the  EDX  analyses  show  that  carbon  nanotubes 
contain  appreciable  amounts  of  Ni,  Fe  and  Co  used  in  their 
production  by  the  arc  method  [17].  The  presence  of  these  met¬ 
als  may  certainly  affect  the  characteristics  of  the  catalysts  and 
will  be  taken  into  account  in  some  of  the  discussions  below. 

Fig.  1  shows  the  X-ray  diffraction  patterns  for  the  prepared 
catalysts.  In  all  cases,  the  peaks  observed  indicate  the  pres¬ 
ence  of  the  face-centred  cubic  structure  typical  of  platinum 
metal,  represented  by  the  crystalline  planes  (1  1  1),  (2  00), 
(2  2  0),  and  (3  11)  (JCPDS,  card  4-802)  and  also  some  reflec¬ 
tions  characteristics  of  carbon  (identified  as  C  [22]).  Peaks 
characteristic  of  the  reflections  of  Ni  (JCPDS,  card  4-850), 
Fe  (JCPDS,  card  6-696)  and  Co  (JCPDS,  card  5-727)  con¬ 
tained  in  the  carbon  nanotubes,  and  also  those  associated  to 
metallic  Ru  (JCPDS,  card  6-663)  were  not  observed.  Indeed, 
if  the  reflection  intensities  of  the  other  metals  are  low  com¬ 
pared  with  those  of  platinum  and/or  the  metals  are  present 
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Fig.  1 .  X-ray  diffractograms  of  the  prepared  catalysts  on  the  different  carbon 
supports.  X  =  1.54056  A  (Cu  Ka). 

as  amorphous  compounds  they  will  not  be  detected  in  the 
diffractograms.  A  less  likely  possibility  is  that  in  the  prepa¬ 
ration  procedure  the  nanotube  contaminants  were  covered  by 
platinum  to  the  point  of  not  being  detected.  The  presence 
of  ruthenium  incorporated  as  a  substitution  in  the  platinum 
structure  is  noted  through  the  shift  of  the  Bragg  angles  with 
respect  to  the  values  for  pure  platinum. 

The  crystallite  size  of  the  catalysts  was  estimated  from  the 
XRD  data  using  Scherrer’s  equation.  For  this  purpose,  the 
(2  2  0)  reflection  was  used.  Although  it  is  not  the  strongest,  it 
is  outside  the  region  of  the  broad  band  produced  by  the  car¬ 
bon  support.  For  Pt  on  both  types  of  nanotubes,  the  particle 
size  was  almost  the  same  (3.62  nm)  while  for  Pt  supported  on 
Vulcan  XC-72  it  was  significantly  higher  (6.83  nm).  This  is 
an  interesting  result  and  suggests  that  the  nanotube  morpho¬ 
logical  structure  favours  the  dispersion  of  the  electrocatalyst 
on  the  support  by  preventing  the  coalescence  of  the  growing 
nuclei.  The  large  differences  in  particle  size  cannot  be  ex¬ 
plained  by  the  presence  of  the  other  metals  in  the  nanotubes. 
Similar  differences  were  observed  for  PtRu.  The  crystallite 
size  of  PtRu  supported  on  the  nanotubes  was  between  4.06  to 
4.62  nm,  while  that  of  the  PtRu  on  Vulcan  XC-72  was  much 
higher  (6.39  nm).  It  has  been  suggested  that  Ru  promotes  the 
dispersion  of  the  electrocatalyst;  the  unalloyed  amorphous 
material  that  may  reside  on  or  near  the  surface  of  the  PtRu  al¬ 
loy  particles  may  help  prevent  sintering  during  the  deposition 


Table  1 

EDX  composition  of  the  supports  and  of  the  catalysts  on  the  supports 


Material 

Metal/atom  (%) 

XRD  crystallite  size  (nm) 

XRD  lattice  parameter  (nm) 

Pt 

Ru 

Fe 

Ni 

Co 

MWNT 

-  - 

59 

40 

1 

- 

- 

SWNT 

- 

30 

36 

34 

- 

- 

20  wt.%  Pt/MWNT 

80 

12 

6 

2 

3.62 

0.39171 

20  wt.%  Pt/SWNT 

50 

17 

17 

16 

3.62 

0.38842 

20  wt.%  Pt/Vulcan  XC-72 

too 

- 

- 

- 

6.83 

0.39099 

20  wt.%  PtRu/MWNT 

50 

40 

5 

5 

0 

4.62 

0.38997 

20  wt.%  PtRu/SWNT 

28 

20 

20 

18 

14 

4.06 

0.38704 

20  wt.%  PtRu/Vulcan  XC-72 

55 

45 

- 

- 

- 

6.39 

0.38834 

The  crystallite  sizes  and  the  lattice  parameters  for  the  Pt/C  and  PtRu/C  catalysts,  from  XRD,  are  also  included. 
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E/V  vs.  RHE 

Fig.  2.  Cyclic  voltammograms  in  a  single  cell  for  anodes  (fed  with  N2)  with 
several  Pt  and  PtRu  carbon-supported  catalysts  (20wt.%  metal/C,  0.4  mg 
noble  metal  cm'2).  Cathodes  (fed  with  Hi)  with  20wt.%  Pt/C  (E-TEK, 
0.4  mg  Pt  cm-2).  Nation®  115  membrane.  r=27±2°C.  Current  density 
with  respect  to  geometric  area,  v  =  20  mV  s-1 . 

or  during  the  thermal  reduction  processes  [11].  This  explains 
the  smaller  particle  size  for  PtRu/Vulcan  XC-72  as  compared 
with  the  Pt/Vulcan  XC-72  catalyst.  The  values  of  the  XRD 
lattice  parameter  were  in  all  cases  smaller  than  the  value  for 
pure  Pt  (0.39231  nm,  JCPDS  card  4-802).  This  is  due  to  the 
interactions  with  the  supports  and/or  the  insertion  of  other 
metals  into  the  fee  lattice  of  platinum,  like  the  contaminants 
of  the  nanotubes  and  also  ruthenium  in  the  PtRu/C  catalysts 
[21]. 

Fig.  2  shows  the  cyclic  voltammograms  for  Pt  and  PtRu 
anodes  prepared  on  the  different  supports.  The  half-cell  be¬ 
haviour  of  the  anodes  was  studied  by  supplying  hydrogen 
to  the  cathode,  which  then  functioned  as  a  reversible  hydro¬ 
gen  electrode  (RHE)  and  also  as  a  counterelectrode,  with 
the  Nafion®  acting  as  the  electrolyte.  The  cyclic  voltam¬ 
mograms  present  characteristics  for  each  type  of  catalyst, 
which  depend  on  the  metal  [18].  The  hydrogen  upd  region 
(0.075-0.35  V  versus  RHE)  in  Pt  catalysts  is  well  defined, 
while  for  PtRu  catalysts  is  less  defined  because  the  hydrogen 
adsorption/desorption  peaks  are  not  developed  on  Ru.  The 
double-layer  region  of  the  PtRu/C  catalysts  is  larger  than 
for  Pt/C,  both  because  of  the  formation  of  more  oxygenated 
species  and  also  of  a  larger  surface  area  due  to  a  smaller 
particle  size. 

Fig.  3  shows  the  COads  stripping  scans  recorded  for  each 
electrocatalyst.  It  can  be  observed  that  the  onset  of  the  cur¬ 
rent  for  CO  oxidation  appears  at  lower  potential  values  for 
Pt/nanotubes  as  compared  to  Pt/Vulcan  XC-72.  Originally, 
the  carbon  nanotubes  contain  Ni,  Fe  and  other  contaminants 
[16,17],  detected  in  the  EDX  analyses,  which  may  form  oxy¬ 
genated  species  that  contribute  to  the  CO  oxidation  [23].  In  a 
recent  paper  [24],  the  adsorption  and  subsequent  oxidation  of 
CO  on  MWNT  was  attributed  to  an  enhanced  activity  of  the 
nanotubes.  However,  the  authors  do  not  seem  to  take  into  ac¬ 
count  the  presence  of  contaminant  metals.  It  is  interesting  to 
note  the  presence  of  a  shoulder  on  the  Pt/S  WNT  CO  stripping 
peak,  which  suggests  that  the  electrocatalyst  contains  either 
two  types  of  reaction  sites  and/or  crystallites  with  different 
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E/V  vs.  RHE 

Fig.  3.  Stripping  scans  for  electrosorbed  CO  for  the  Pt/C  and  PtRu/C  an¬ 
odes  of  Fig.  2.  Electrosorption  at  50  mV  (vs.  RHE)  with  CO  for  30  min 
and  flushing  with  N2  for  30  min.  Potential  scanned  to  0.9  V  (vs.  RHE)  at 
lOmVs-1. 

activities.  On  the  other  hand,  in  the  PtRu  material  deposited 
onto  different  supports  the  main  contribution  to  the  shift  of 
the  peak  to  lower  potential  values  is  the  presence  of  Ru.  This 
occurs  because  Ru  is  more  easily  electrooxidised  than  pure 
Pt,  and  forms  Ru— OHads  species  at  lower  potentials,  which 
help  to  oxidise  the  adsorbed  CO  through  the  bifunctional 
mechanism.  Also,  it  must  be  taken  into  account  that  in  the 
alloy  a  weakening  of  the  Pt— CO  bond  takes  place,  resulting 
in  a  lower  CO  coverage  and  an  increased  mobility  similar 
to  what  happens  with  other  CO-tolerant  Pt  alloys,  via  the 
modification  of  the  Pt  electronic  structure  by  alloying  [23]. 

The  results  of  the  integration  of  the  peaks  for  CO  strip¬ 
ping  presented  in  Fig.  3  are  summarised  in  Table  2,  in  the 
form  of  the  CO  electrochemical  active  area  for  each  electro¬ 
catalyst.  These  values  correspond  to  the  total  metal  surface 
area  in  contact  with  the  proton-conducting  polymer  in  the 
electrodes,  i.e.  total  active  sites  available  for  the  oxidation  of 
CO.  For  the  20wt.%  Pt/Vulcan  XC-72  catalyst,  the  values 
agree  well  with  the  values  determined  by  the  charge  due  to 
the  adsorption  of  hydrogen  (see  Table  2),  but  for  Pt/nanotube 
electrocatalysts  the  CO  chemisorption  metal  area  is  higher 
than  that  determined  by  H2  adsorption  probably  due  to  the 
contribution  of  the  metal  contaminants  originally  present  in 
the  nanotubes.  These  metals,  as  well  as  Ru,  are  active  for  the 
adsorption  of  CO  but  do  not  adsorb  hydrogen. 

Although  the  values  in  Table  2  are  normalised  for  the  Pt 
and  Ru  content  in  the  PtRu  electrocatalysts,  it  is  not  clear 
how  the  Ru  species  interact  with  CO  in  the  electrochemical 
experiments.  For  example,  metallic  Ru  or  Ru  oxides  may 
not  be  covered  with  a  complete  monolayer  of  CO  during 
the  electrochemical  measurements  [11].  Also,  the  adsorption 
of  CO  is  probably  dependent  on  time,  temperature  and  the 
particle  size  of  the  electrocatalyst  [11].  However,  for  lack  of 
more  reliable  methods,  the  CO  stripping  charges  constitute 
the  preferred  method  to  determine  electrochemically  active 
areas  for  the  type  of  alloy  catalysts  studied  here. 

Table  2  also  shows  the  theoretical  (calculated  from  the 
XRD  particle  sizes  assuming  that  the  particles  are  spherical) 
metal  surface  areas  for  the  different  catalysts.  A  comparison 
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Table  2 

Active  areas  of  the  Pt/C  and  PtRu/C  prepared  electrocatalysts  determined  by  different  methods 


Catalyst 

XRD-calculated  metal 
area  (m2  g-1  PtRu) 

H2  chemisorption  metal 
area  (m2  g-1  Pt) 

CO  chemisorption  metal 
area  (m2  g~ 1  PtRu) 

20  wt.%  Pt/SWNT 

77 

51 

69 

20  wt.%  Pt/MWNT 

77 

71 

80 

20  wt.%  Pt/Vulcan  XC-72 

41 

64 

62 

20  wt.%  PtRu/SWNT 

80 

- 

49 

20  wt.%  PtRu/MWNT 

71 

- 

82 

20  wt.%  PtRu/Vulcan  XC-72 

51 

- 

66 

between  the  values  of  the  theoretical  and  electrochemical 
(from  CO-stripping  voltammetry)  metal  surface  areas  does 
not  show  a  definite  trend  but  it  is  interesting  to  note  that  in 
certain  cases  the  CO  active  area  is  larger,  which  seems  a  con¬ 
tradiction.  This  is  difficult  to  rationalise  and  suggests  that  for 
the  catalysts  supported  onto  MWNT  and  Vulcan  XC-72  car¬ 
bons  the  electrochemical  cycling  could  be  promoting  a  break 
of  some  clusters  with  an  increase  of  active  area  [25].  Differ¬ 
ently,  for  catalysts  supported  onto  SWNT  the  CO-stripping 
metal  surface  area  is  always  lower  than  the  XRD-calculated 
area.  Another  possibility  is  to  consider  that  CO  can  be  ad¬ 
sorbed  and  oxidised  on  the  nanotubes  as  suggested  by  He 
et  al.  [24],  but  this  cannot  be  stated  unambiguously  without 
separating  the  effect  of  the  contaminant  metals. 

Fig.  4  shows  steady-state  polarisation  curves  for  Pt/C  an¬ 
odes  (0.4  mg  Pt  cm~2)  fed  with  pure  hydrogen  and  hydrogen 
containing  100  ppm  CO.  As  expected,  the  performance  of 
the  Pt/Vulcan  XC-72  catalyst  drops  considerably  when  the 
CO-containing  H2  is  introduced  in  the  anode.  On  the  other 
hand,  the  results  for  Pt/nanotube  catalysts  show  that  the  per¬ 
formance  with  H2  +  100  ppm  CO  drops  but  it  is  higher  than 
that  for  Pt/Vulcan  XC-72.  At  this  stage  it  is  difficult  to  say  to 
what  extent  this  is  an  effect  promoted  by  the  characteristics  of 
the  catalysts  supported  on  the  nanotubes  and  to  what  extent 
there  is  a  beneficial  effect  of  the  contaminant  metals  present 
in  the  nanotubes  [23]. 


i  /  A  cm'2 


Fig.  4.  Potential  vs.  current  density  for  Pt/C  anodes  with  0.4  nig  Pt  cm  2. 
Cathodes  with  Pt/C  E-TEK,  0.4mgPtcm_2.  Nation®  115  membrane.  An¬ 
odes  fed  with  H2  (open  symbols)  or  Hi  +  100  ppm  of  CO  (solid  symbols) 
humidified  at  100  °C  and  0.2  MPa.  Cathodes  fed  with  O2  humidified  at  90  °C 
and  0. 17  MPa.  Current  density  with  respect  to  geometric  area. 


Fig.  5.  Potential  vs.  current  density  for  PtRu/C  anodes  with  0.4  mg  noble 
metal  cm~2  on  different  supports.  Other  conditions  as  in  Fig.  4. 

For  the  PtRu/C  catalysts,  the  performance  with  pure  H2 
and  with  Hg  +  100 ppm  CO  is  presented  in  Fig.  5.  It  appears 
that  for  these  alloy  catalysts,  the  contaminants  of  the  nanotube 
supports  do  not  contribute  much  to  the  end  results,  because 
the  performance  of  the  PtRu/nanotube  catalysts  is  similar  to 
that  of  the  PtRu/Vulcan  XC-72.  This  is  consistent  with  the  fact 
that  the  CO  stripping  peaks  (Fig.  3)  for  PtRu/nanotube  cata¬ 
lysts  are  similar  to  those  for  PtRu  deposited  on  Vulcan  XC-72 
carbon.  The  small  difference  in  favour  of  the  PtRu/Vulcan 
XC-72  shown  in  Fig.  5  may  not  be  significant. 

Fig.  6  shows  potential-current  curves  for  Pt/C  and  PtRu/C 
anodes  with  0.4  mg  noble  metal  cm-2,  in  which  the  potential 
axis  is  the  difference  between  the  potential  of  anodes  fed  with 
pure  H2  and  the  same  anodes  fed  with  H2+  100  ppm  CO, 


Fig.  6.  Overpotential  (see  text)  vs.  current  density  curves  for  Pt/C  and 
PtRu/C  anodes.  Same  conditions  as  in  Fig.  4. 
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Fig.  7.  Current- interrupt  corrected  polarisation  curves  for  Pt/C  and  PtRu/C 
catalysts  at  room  temperature  (27  d=  2  °C).  Anode  supplied  with  2  mol  L-1 
methanol  fuel  and  the  counterelectrode  with  pure  hydrogen.  Current  density 
with  respect  to  geometric  area. 

at  the  same  current  density.  Up  to  0.7  A  cm-2  Fig.  6  shows 
that  Pt/MWNT,  Pt/SWNT,  PtRu/MWNT  and  PtRu/SWNT 
present  similar,  low  overpotentials  as  defined  for  these  ex¬ 
periments.  A  still  lower  overpotential  is  observed  with  the 
PtRu/Vulcan  XC-72  anode,  while  the  highest  is  presented  by 
Pt/Vulcan  XC-72.  The  results  with  PtRu/Vulcan  XC-72  in 
Fig.  6  are  similar  to  those  found  by  Camara  et  al.  [2], 

The  same  membrane  and  electrode  assemblies  (MEAs) 
were  used  to  carry  out  experiments  for  the  oxidation  of 
methanol  in  a  DMFC  set  up.  In  half-cell  experiments,  the 
anode  of  the  MEA  was  supplied  with  a  2  mol  L- 1  methanol 
solution  and  the  counterelectrode  with  pure  hydrogen,  which 
in  this  way  operated  also  as  a  reversible  hydrogen  elec¬ 
trode.  The  fuel  cell  was  then  driven  by  a  potentiostat  and 
the  resistance  of  the  MEA  was  determined  using  current- 
interrupt  techniques.  Fig.  7  shows  the  results  of  these 
half-cell  experiments  at  27±2°C.  It  can  be  observed  that 
methanol  oxidation  starts  at  lower  potential  values  for  all  the 
PtRu/C  catalysts  than  for  Pt/C  anodes.  PtRu/MWNT  presents 
the  higher  activity,  while  that  of  PtRu/Vulcan  XC-72  and 
PtRu/SWNT  are  similar.  Among  the  Pt/C  anodes,  a  differ¬ 
ent  trend  can  be  observed  and  the  sequence  of  activities  is: 
Pt/SWNT  >  Pt/MWNT  >  Pt/Vulcan  XC-72.  However,  it  must 
be  pointed  out  that  potentials  at  which  the  Pt/C  materials 
present  activity  are  too  high  and  consequently  not  useful  for 
a  DMFC. 

The  intrinsic  activity  of  the  electrocatalysts  appears  to  be 
linked  to  a  number  of  factors  including  electrocatalyst  util¬ 
isation  (the  extent  of  the  electrocatalyst/ionomer  interface), 
the  thickness  of  the  electrocatalyst  layer  and  its  porosity  [11]. 
Fig.  8  shows  the  stripping  peaks  of  an  intermediate  species 
(unknown  but  it  is  believed  to  be  a  — COads-like  [11])  after 
adsorption  at  0.075  V  (versus  RHE)  in  a  2  mol  L- 1  methanol 
solution  and  then  scanning  the  anode  potential  up  to  0.9  V 
(versus  RHE)  at  a  rate  of  10  mV  s-1.  In  the  Ru-containing 
electrocatalysts,  it  can  be  observed  that  the  onset  of  the  cur¬ 
rent  appears  at  much  lower  potentials  than  for  the  Pt/C  elec¬ 
trocatalysts,  showing  that  the  removal  of  the  surface-bound 
intermediate  is  favoured  by  the  presence  of  Ru,  as  in  the  case 
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Fig.  8.  Stripping  peaks  of  electrosorbed  methanol  for  the  Pt/C  and  PtRu/C 
anodes  of  Fig.  7.  Electrosorption  at  75  mV  (vs.  RHE)  in  a  2  mol  1 .  1  methanol 
solution  (40  min),  flushing  with  water  (20  min).  Anode  potential  scanned  up 
to  0.9  V  (vs.  RHE)  at  lOmVs-1.  Room  temperature  (27±2°C).  Current 
density  with  respect  to  geometric  area. 

of  CO  stripping  (Fig.  3).  The  presence  of  shoulders  at  several 
potentials  during  the  methanol-stripping  scan  suggests  that 
the  electrocatalysts  contains  either  more  than  one  type  of  re¬ 
action  site  or  crystallites  with  different  activities.  Another 
interesting  observation  is  the  presence  of  broad  peaks  in  the 
H-upd  region  for  all  materials,  showing  that  the  electrocata¬ 
lysts  were  not  completely  poisoned  by  methanol  adsorption. 

The  methanol-stripping  peaks  for  Pt/C  catalysts  can  give 
support  for  the  results  in  Fig.  7.  Pt/SWNT  presents  higher  cur¬ 
rents  for  methanol  electrooxidation  (Fig.  7)  and  also  a  strip¬ 
ping  peak  starting  at  lower  potentials  (Fig.  8).  But  Pt/MWNT 
presents  a  larger  stripping  charge  indicative  of  a  higher  active 
surface  area  than  Pt/Vulcan  XC-72  (Fig.  8)  which  explains 
the  larger  currents  for  Pt/MWNT  than  for  Pt/Vulcan  XC-72 
(Fig.  7). 

Fig.  9  shows  the  results  for  a  single  DMFC  where  the 
anode  of  the  MEA  was  supplied  with  2  mol  1  methanol 
solution  and  the  counterelectrode  with  oxygen  humidified 
and  pressurised  to  0.3  MPa  at  the  same  temperature  of  the 
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Fig.  9.  Potential  vs.  current  density  curves  for  Pt/C  and  PtRu/C  an¬ 
odes  with  0.4  mg  noble  metal  cm-2.  Cathodes  with  20wt.%  Pt/C  (E- 
TEK,  0.4  mg  Pt  cm-2).  Nation®  115  membrane.  Anodes  fed  with  2  mol  L-1 
methanol  solution  at  room  temperature  and  atmospheric  pressure.  Cathodes 
fed  with  O2  humidified  at  90  °C  and  0.3  MPa.  Current  density  with  respect 
to  geometric  area. 
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Fig.  10.  Power  density  vs.  cell  potential  for  PtRu/C  anodes.  Open  symbols: 
70°C,  p02  =0.1  MPa;  solid  symbols:  90°C,  p02  =  0.3 MPa.  Other  condi¬ 
tions  as  in  Fig.  9. 

cell  (90  °C).  As  expected,  anodes  with  PtRu/C  present  better 
performances  than  those  with  Pt/C.  The  fact  that  the  results 
for  the  Pt/C  materials  with  different  supports  are  similar  in¬ 
dicates  that  the  metal  contaminants  in  the  nanotubes  do  not 
contribute  to  the  performance,  at  least  under  practical  oper¬ 
ational  conditions.  Among  the  PtRu/C  anodes,  the  best  per¬ 
formance  was  achieved  with  the  PtRu/MWNT  catalyst,  while 
that  of  the  PtRu/Vulcan  XC-72  is  somewhat  above  that  of  the 
PtRu/SWNT.  These  results  in  the  DMFC  contrast  with  those 
of  the  CO  tolerance  in  the  PEMFC  (Fig.  5)  where  the  perfor¬ 
mance  for  the  three  PtRu/C  materials  was  similar. 

Fig.  10  presents  the  power-density-potential  curves  ob¬ 
tained  in  the  DMFC  with  PtRu/C  anodes  under  two  different 
conditions:  70  °C  and  atmospheric  pressure  and  90  °C  and 
0.3  MPa,  showing  the  same  clear  trend  as  the  cell  potential 
versus  current  density  data  in  Fig.  9.  The  MEA  containing  the 
PtRu/MWNT  electrocatalyst  produced  a  higher  power  den¬ 
sity  compared  with  PtRu/Vulcan  XC-72  and  PtRu/SWNT. 
The  maximum  power  densities  show  that  reasonably  good 
single-cell  performances,  with  power  densities  exceeding 
lOOmWcm-2  were  attained  in  a  DMFC  with  ME  As  con¬ 
taining  only  0.4  mg  PtRu  cm  2,  in  particular  with  PtRu  sup¬ 
ported  on  MWNT.  This  shows  that  careful  choice  of  the  anode 
structure  is  important  to  maximise  the  MEA  performance  in 
the  DMFC  and  that  the  load  of  PtRu  electrocatalyst  can  be 
reduced  significantly  from  the  2-10  mg  Pt  cm-2  levels  that 
are  usually  employed  in  these  fuel  cells  [11]. 


4.  Conclusions 

The  results  of  this  work  show  that  the  alternative  prepara¬ 
tion  method  of  the  Pt/C  and  PtRu/C  catalysts  by  impregnation 
of  the  carbon  support  material  with  the  precursors  in  ethanol 
followed  by  drying  and  reduction  in  a  hydrogen  atmosphere 
produces  very  active  materials  for  the  FF/CO  and  methanol 
oxidation  reactions.  The  carbon  nanotubes  contain  Ni,  Fe 
and  other  contaminants  whose  presence  seems  to  help  in 
lowering  the  potentials  for  the  onset  of  CO  oxidation.  A  high 


performance  was  achieved  for  the  oxidation  of  FF  +  100  ppm 
CO  with  PtRu  deposited  on  nanotube  supports,  with  an 
overpotential  of  about  100  mV  at  lAcm-2,  although  this 
is  similar  to  that  obtained  with  PtRu  supported  on  Vulcan 
XC-72.  Results  for  the  DMFC  showed  power  densities 
exceeding  100  mW  cm-2  at  90  °C  and  0.3  MPa,  particularly 
for  PtRu/MWNT.  The  overall  results  show  that  multiwall 
carbon  nanotubes  produce  PtRu/MWNT  catalysts  with  better 
performance  than  on  other  supports,  particularly  with  respect 
to  those  prepared  with  the  traditional  Vulcan  XC-72  carbon 
powder.  It  is  expected  that  progress  in  the  technology  of 
producing  nanotubes  will  make  the  cost  of  these  alternative 
support  materials  to  come  down  to  acceptable  levels. 
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